The NMR structure of the 3¢ stem±loop (3¢SL) from human U4 snRNA was determined to gain insight into the structural basis for conservation of this stem±loop sequence from vertebrates. 3¢SL sequences from human, rat, mouse and chicken U4 snRNA each consist of a 7 bp stem capped by a UACG tetraloop. No high resolution structure has previously been reported for a UACG tetraloop. The UACG tetraloop portion of the 3¢SL was especially well de®ned by the NMR data, with a total of 92 NOE-derived restraints (about 15 per residue), including 48 inter-residue restraints (about 8 per residue) for the tetraloop and closing C-G base pair. Distance restraints were derived from NOESY spectra using MARDIGRAS with random error analysis. Re®nement of the 20mer RNA hairpin structure was carried out using the programs DYANA and miniCarlo. In the UACG tetraloop, U and G formed a base pair stabilized by two hydrogen bonds, one between the 2¢-hydroxyl proton of U and carbonyl oxygen of G, another between the imino proton of G and carbonyl oxygen O2 of U. In addition, the amino group of C formed a hydrogen bond with the phosphate oxygen of A. G adopted a syn orientation about the glycosidic bond, while the sugar puckers of A and C were either C2¢-endo or¯exible. The conformation of the UACG tetraloop was, overall, similar to that previously reported for UUCG tetraloops, another member of the UNCG class of tetraloops. The presence of an A, rather than a U, at the variable position, however, presents a distinct surface for interaction of the 3¢SL tetraloop with either RNA or protein residues that may stabilize interactions important for active spliceosome formation. Such tertiary interactions may explain the conservation of the UACG tetraloop motif in 3¢SL sequences from U4 snRNA in vertebrates.
INTRODUCTION
Pre-mRNA splicing is the essential process in eukaryotic cells that removes introns and ligates exons from transcribed genes (1) . The process involves two transesteri®cation reactions that are catalyzed by spliceosomes. Spliceosomes are macromolecular complexes constructed around splice junction sites of pre-mRNA from three RNA±protein particles, the U1 and U2 snRNPs and the U4/U6´U5 tri-snRNP (2) . U1 and U2 snRNPs each contain a single snRNA while the U4/U6´U5 trisnRNP consists of three discrete snRNAs, each with several proteins that bind the individual RNAs speci®cally (3) . Assembly of the spliceosome occurs in the nucleus in a series of discrete steps (4) . U1 snRNP initially binds the pre-mRNA at the 5¢ splice site to form a commitment complex. U2 snRNP then binds at the 3¢ splice site preceding formation of the lariat intermediate. Finally, the U4/U6´U5 tri-snRNP binds and a major structural rearrangement occurs, in which U4 snRNP is extruded, and the ®nal steps of intron removal and exon ligation proceed (5) .
Although pre-mRNA splicing occurs in the nucleus, each of the snRNA components of the spliceosome, with the exception of U6 snRNA, are exported to the cytoplasm following transcription (6) . In order to re-enter the nucleus, the 7 mG cap of these snRNAs must be hypermethylated and the Sm (or common) proteins must form a complex that encircles the single-stranded Sm-binding site (7) . The Sm-binding site in higher eukaryotes is¯anked by two stem±loops, the central stem±loop (CSL) and the 3¢ stem±loop (3¢SL) (Fig. 1) . The structural features of the Sm-binding site region that are important for Sm protein binding and assembly are the adenosines at the 5¢-end of the single-stranded Sm-binding site and portions of the CSL (8, 9) . The function of the 3¢SL from human U4 snRNA is not clear. The 3¢SL does not occur in U4 snRNA from Saccharomyces cerevisae (10) and it may inhibit degradation of U4 snRNA from humans and other metazoans.
Spliceosome assembly is a complex process involving numerous speci®c RNA±RNA, RNA±protein and protein± protein interactions (11) . Information on snRNP structure and dynamics is essential in order to fully elucidate the mechanism of this intricate process. The secondary structures for the RNA components of the snRNPs have been known for many years (12) and, more recently, X-ray crystallography (13) and cryoelectron microscopy (14) have provided detailed structural information concerning RNA±protein and protein± protein complexes important for UsnRNP biogenesis and spliceosome assembly. Interestingly, the predicted secondary structures for 3¢SL from U4 snRNA from human, rat, mouse and chicken are conserved, with each consisting of a 7 bp stem capped by a UACG tetraloop (15±18). Thus, the structure and exibility of the UACG tetraloop in the context of the 3¢SL is likely important in mediating RNA±RNA and/or RNA± protein interactions that are important for spliceosomal assembly and function in these organisms (19) .
The UACG tetraloop is one of four possible UNCG tetraloop sequences, where N is U, C, G or A. RNA tetraloops fall into three main classes, with GNRA (R = A or G) and CUUG being the two main classes in addition to UNCG. Among UNCG tetraloops, the UUCG tetraloop has been studied the most extensively, with both NMR (20, 21) and X-ray crystallography (22) studies previously reported. Previous spectroscopic studies of UACG tetraloops in RNA hairpins revealed similarities to UUCG tetraloops (23) , but no high resolution structures of any UACG tetraloop are currently available. In this manuscript, we present the NMR structure of the 3¢SL from human U4 snRNA. Overall, the structure is similar to those previously reported for the UUCG tetraloop, another member of the UNCG class of tetraloops (20±25). The presence of an A, rather than a U, at the variable position, however, presents a distinct surface for interaction of the 3¢SL tetraloop with either RNA or protein residues that may stabilize interactions important for active spliceosome formation. Such tertiary interactions may explain the conservation of the UACG tetraloop motif in 3¢SL sequences from U4 snRNA in vertebrates.
MATERIALS AND METHODS

RNA sample preparation
The 3¢ stem±loop from human U4 snRNA (3¢SL) was synthesized in vitro from a synthetic DNA template using T7 RNA polymerase (26) . Samples of the 3¢SL for NMR spectroscopy and UV hyperchromicity studies were puri®ed from 20% denaturing polyacrylamide gels by electroelution, followed by desalting and dialysis. The samples were ®rst dialyzed into 10 mM sodium phosphate buffer, pH 6.4, with 0.1 mM EDTA. Transfer of RNA samples into buffer containing higher sodium chloride concentrations was accomplished by dialysis. Preparation of samples containing magnesium chloride was also accomplished by dialysis, however, EDTA was not included in the dialysis buffer. All samples of the 3¢SL were annealed by heating to 90°C, followed by cooling in ice-water. Sample concentrations were determined by UV absorbance at 260 nm using the extinction coef®cient calculated for 3¢SL using the Schepartz Laboratory Biopolymer Calculator (Yale University). All NMR samples were prepared with RNA concentrations between 1 and 2 mM. In all cases, unless otherwise speci®ed, the RNA samples were dialyzed against 10 mM sodium phosphate, 50 mM sodium chloride, pH 6.4, with 0.1 mM EDTA.
UV melting studies
Optical absorbance melting studies were performed using a Cary 3E UV-Visible spectrophotometer with heating rates from 0.25 to 1°C/min. Typical RNA concentrations were 8 mM. Studies of the sodium and magnesium dependence of the melting temperature of the stem±loop were done using sodium chloride concentrations ranging from 0 to 200 mM and magnesium chloride concentrations ranging from 0 to 5 mM. To address the possibility of linear duplex formation in solution, melting temperatures were also determined at RNA concentrations of 2, 6 and 50 mM in sodium phosphate buffer and in buffer with 50 mM sodium chloride.
NMR spectroscopy
All NMR experiments were acquired using a Varian INOVA 600 NMR spectrometer at University of California at San Francisco (UCSF). TSP was used as an internal chemical shift reference. NMR data were processed using the NMRPipe suite of programs (27) . NMR spectra were baseline corrected using Baseline (UCSF) and spectral annotations, assignments and peak integrations were completed using Sparky (28) . Twodimensional NMR data sets were typically collected using spectral widths of 6000 Hz in each dimension with 2048 complex data points in the directly detected dimension and 512 points in the indirectly collected dimension. NMR data were apodized in each dimension with either a phase-shifted sine bell or Gaussian function, followed by zero ®lling once in the indirect dimension prior to Fourier transformation. States' method was used for quadrature detection in the indirectly detected dimension (29) . NOESY spectra in D 2 O solution were recorded at 25, 30 and 35°C with mixing times of 80, 100, 200, 250, 300 and 400 ms. TOCSY and DQF COSY spectra were recorded at 25 and 30°C. The TOCSY experiments were acquired using a 50 ms mixing time with presaturation at low power applied during the evolution period. A natural abundance 13 C HMQC spectrum was acquired at 30°C with spectral widths of 6000 and 7500 Hz in the 1 H and 13 C dimensions, respectively. The 13 C frequency was centered at 85 p.p.m. A series of one-dimensional 1 H NMR experiments were also recorded, which included temperature pro®les of 3¢SL in H 2 O and D 2 O solutions. The jump-and-return pulse sequence (30) was used for one-dimensional NMR experiments in H 2 O, while low power pre-saturation was used for experiments in D 2 O solution. One-dimensional NMR experiments were also used to determine T 1 relaxation rates and measure linewidths for 1 H resonances from samples of 3¢SL over the concentration range 200 mM to 2 mM. SSNOESY spectra in H 2 O solution were recorded with spectral widths of 12 999 Hz in each dimension using the shaped pulse`S136g', which had an excitation maximum at the imino region, for water suppression (31) . Spectra were recorded at 10, 15 and 20°C with mixing times of 125, 150 and 250 ms.
Structure calculation
NMR data at 30°C in D 2 O and at 20°C in water were used for the structure calculation. Distance restraints involving nonexchangeable protons were calculated from integrated NOE intensities from two D 2 O NOESY data sets (80 and 400 ms) using MARDIGRAS (32) , with the random error analysis procedure (33) . For the distances involving exchangeable protons, only the upper bounds were used. Structure calculation was carried out with the help of the DYANA (34) and miniCarlo (35) programs, as described previously (36, 37) . The quality of re®nement was assessed with R x factors that directly compare simulated and experimental NOE intensities, calculated with CORMA (38) . The structures were visualized using MidasPlus (39) .
RESULTS
3¢SL conformation
In order to determine if the RNA sequence corresponding to the 3¢SL from human U4 snRNA formed a hairpin (rather than a linear duplex) under conditions suitable for determining the NMR structure, the RNA was synthesized using in vitro transcription and analyzed using gel electrophoresis, UV hyperchromicity and NMR spectroscopy. The sequence of the 3¢SL is shown in Figure 1 . Samples of the 3¢SL were annealed prior to analysis by heating to 90°C followed by cooling in icewater. The mobility of the RNA prepared by in vitro transcription through native polyacrylamide gels was consistent with formation of a single species having the molecular weight expected for the (unimolecular) hairpin. As described in greater detail in the following sections, thermal melting studies and NMR spectroscopy also veri®ed that the 3¢SL sequence adopted a hairpin conformation in solution at all concentrations studied.
Further evidence that samples of the 3¢SL adopted a hairpin conformation was obtained from thermal melting studies. Studies of the sodium and magnesium dependence of the melting temperature of the stem±loop were done using sodium chloride concentrations ranging from 0 to 200 mM and magnesium chloride concentrations ranging from 0 to 5 mM. In the sodium chloride studies the buffer included 0.1 mM EDTA. The melting temperature (T m ) of the 3¢SL was 74°C in 10 mM sodium phosphate buffer, pH 6.4. The T m increased to 80°C in the presence of 50 mM sodium chloride and 84°C in 150 mM sodium chloride. Melting temperatures of 82, 85 and 86°C were obtained for magnesium chloride concentrations of 500 mM and 1 and 2 mM, respectively. The number of Mg 2+ ions bound per molecule of hairpin was approximately 0.5, indicating the absence of a speci®c Mg 2+ -binding site in the 3¢SL. In order to address the possibility of linear duplex formation in solution, melting temperatures were also determined at RNA concentrations of 2, 6 and 50 mM, in sodium phosphate buffer and in buffer with 50 mM sodium chloride. The results were within experimental uncertainty of one another, indicating that the T m was independent of RNA concentration. The results indicated that the 3¢SL adopted a hairpin conformation in solution and that Mg 2+ was not required to stabilize the hairpin conformation. Although the hairpin was slightly stabilized by addition of sodium chloride above 50 mM concentration, this concentration of salt was suf®cient to form a stable hairpin and was used in subsequent NMR studies.
3¢SL NMR structure
Two-dimensional NMR studies of the 3¢SL were conducted to determine the solution conformation of this RNA stem±loop. NMR spectra acquired on freshly annealed samples of 3¢SL were consistent with formation of a single conformation for the hairpin. A second set of resonances was apparent in NMR spectra acquired after storing the sample for a few days at room temperature. These additional resonances were no longer apparent in NMR spectra acquired after the sample was re-annealed by heating to 90°C and cooling in ice-water. In order to determine if the second set of resonances that appeared in NMR spectra of the 3¢SL after several days at room temperature were due to formation of a linear duplex structure, T 1 relaxation rates and linewidths for 1 H NMR resonances from both sets of resonances were compared. The T 1 relaxation rates and linewidths for resolved 1 H resonances from both sets of peaks were similar and were independent of RNA sample concentration between 200 mM and 2 mM. These results indicate that both sets of resonances were from unimolecular structures. Additional evidence that the two sets of resonances were both the result of unimolecular hairpin conformations was obtained by gel electrophoresis. NMR samples of 3¢SL that displayed two sets of resonances displayed only a single band on native electrophoretic gels. The apparent molecular weight was consistent with the unimolecular hairpin conformation. These experiments established that the 3¢SL can adopt either of two closely related, but distinct, conformations, depending on the annealing protocol and incubation of the sample. All of the results described here were obtained using a freshly annealed sample displaying a single set of resonances in NMR spectra.
The 1 H NMR assignments for 3¢SL were completed using homonuclear NOESY and TOCSY experiments in D 2 O solution and NOESY experiments in H 2 O solution (Fig. 2) , and then veri®ed using a 13 C HMQC spectrum. The nucleotides of the UACG tetraloop displayed excellent dispersion of the 1 H resonances with a characteristic signature which facilitated nearly complete resonance assignments (23) . The nucleotides in the stem region displayed poorer spectral dispersion and 1 H resonance assignment for these residues was less complete. The stem region of the stem±loop displayed NMR spectral characteristics typical of an A-form RNA duplex. In particular, nucleotides in the stem region displayed stronger intra-residue than inter-residue H8/H6±H1¢ crosspeaks in NOESY spectra acquired with an 80 ms mixing time, as well as characteristic sequential H2¢±H1¢ and very strong sequential H2¢±H8/H6 cross-peaks. In a typical A-form duplex RNA, sequential H2¢±H8/H6 distances are <2.5 A Ê , intraresidue H1¢±H8/H6 distances are in the range 3.5±4.0 A Ê and sequential H1¢±H8/H6 distances are~1 A Ê longer. All ribonucleotides in the stem, except C 3 , displayed 3 J H1¢±H2¢ too small to be detected in DQF COSY experiments, thus intra-residue H1¢±H2¢correlations were determined from NOESY spectra with short mix times. Additional intra-residue assignments were determined from TOCSY spectra. The exchangeable 1 H resonances were assigned from NOESY spectra in H 2 O solution.
Structure calculations for the 3¢SL were carried out as previously described (36, 37 ). An initial structure was modeled and energy minimized with miniCarlo. This structure was used in random error MARDIGRAS (RANDMARDI) (33) calculations, which were run 50 times for NOESY data sets collected with 80 and 400 ms mixing times with an overall correlation time of 2 ns for the 3¢SL. The calculated interproton distance restraints were used for the restrained energy minimization calculations using the miniCarlo program. The resulting preliminary structure was used to re-evaluate the NOESY data sets. In particular, stereospeci®c assignments of H5¢ and H5¢¢ protons were based on this preliminary structure. The trace on the right shows a slice through the frequency from the 2¢-OH of U 10 . The vertical lines are drawn through the frequencies of C 12 H41 and H42 and the frequencies of three hydroxyl protons. Two broad, unlabeled exchange peaks in the bottom panel come from the unassigned amino groups of adenine or guanine. The NOE cross-peaks from U 10 2¢-OH establish the assignment and establish that the UACG tetraloop in 3¢SL is stabilized by a hydrogen bond to O6 of G 13 . A similar hydrogen bond has been observed previously in the NMR structure of UUCG tetraloops. The pattern of hydrogen bonds that stabilize the UACG tetraloop is shown in Figure 4A .
After that, the MARDIGRAS calculations were repeated once more. A total of 200 constraints (10 per residue) were determined from the NMR spectroscopic data and were used in the re®nement protocol (Table 1) . Of the 200 distance restraints, 140 occurred between non-exchangeable 1 H resonances. Inter-proton distances calculated using MARDIGRAS were used to set the mean value of the distance restraint with the¯at-well width of the restraint set to 0.67 A Ê about the mean value. Fifty-six of the distance restraints involved exchangeable 1 H, and an upper limit of 6 A Ê was used for these restraints. Four of the restraints resulted from hydrogen bonding interactions observed in the NMR spectra. The loop portion of 3¢SL, in particular, was very well de®ned by the NMR restraints (Fig. 1B) . For the UACG tetraloop together with the closing pair (CG), 92 experimental restraints (15.3 per residue), including 48 inter-residue restraints (8 per residue) were obtained from the NMR data. This set of distance restraints was used in the ®nal stage of the re®nement. During the high temperature stages of the re®nement in DYANA and miniCarlo, this set of distance restraints was supplemented by the Watson±Crick hydrogen bonds for the base pairs in the stem. In addition, during the DYANA calculations loose helical torsion angle restraints for the nucleotides in the stem were included. The re®nement protocol started with torsion angle dynamics simulated annealing using the DYANA program, which produced 100 roughly folded structures. Fifty structures with the best score were further subjected to a Metropolis Monte Carlo simulated annealing protocol using the miniCarlo program. The 15 best structures were further restrained minimized with miniCarlo. The overlay of the 10 structures of lowest total energy (sum of conformational energy and restraint energy) is shown in Figure 3 .
Excluding the dangling residues, G 1 and A 2 , the 3¢SL structure was reasonably well de®ned by the NMR restraints with an average pairwise RMSD of 1.0 A Ê ( Table 1 ). The conformation of the 5¢-terminal residue G 1 (not shown in Fig. 3) was not de®ned by the NMR restraints, contributing to the large overall RMSD of 2.1 A Ê . In contrast, the dangling nucleotide A 2 , although also¯exible, was stacked under C 3 in most structures. Residues in the tetraloop and in the stem were better de®ned regionally than was the entire stem±loop, possibly resulting from¯exibility at the step between the closing C-G base pair and the unusual U 10 -G 13 base pair of the tetraloop. This step lacked the connectivities normally observed in NOESY spectra between sequential nucleotides of a right-handed helix. The structures were re®ned to a low overall residual distance violation of 0.1 A Ê and displayed low NOE-based R x factors (Table 1) . Despite the overall compliance with distance restraints derived from the NMR spectral data, some individual distance restraints were violated by >0.5 A Ê in some of the low energy structures. Most such distance violations occurred either for terminal nucleotides or for nucleotides in the tetraloop, and likely resulted from rapid interchange among multiple conformations (40) . While the structure re®nement data are consistent with the UACG tetraloop being¯exible, an accurate accounting of the extent of¯exibility in the UACG tetraloop is beyond the scope of this work.
UACG tetraloop structure
Overall, the structure of the UACG tetraloop in the 3¢SL is similar to that reported previously for UUCG tetraloops in other RNA structures (21±25,41). The tetraloop is stabilized by base stacking and by a network of hydrogen bonding contacts ( Fig. 4A; Table 2 ). G 13 and U 10 form a pair stabilized by two hydrogen bonds, one of which involves the 2¢-OH of U 10 . The network of hydrogen bonds that stabilize the tetraloop is summarized in the following section. The imino proton of U 10 is not involved in hydrogen bonding, rather it is exposed to solvent and does not show any cross-peaks in NOESY spectra, except for an exchange peak with water. Residue G 13 adopts a syn con®guration about the glycosidic bond and is stacked upon G 14 , while U 10 , the base pairing partner of G 13 , is stacked upon C 9 , the base pairing partner of G 14 . C 12 is stacked upon the U 10 -G 13 base pair. The sugar puckers for C 12 and A 11 are either C2¢-endo or¯exible, based on the intensities of H1¢±H2¢ cross-peaks in COSY spectra. The base of A 11 points out into solution and both the N6 amino group and N1 are available for hydrogen bond formation with water, or with RNA or protein residues that may be involved in binding the UACG tetraloop structure. The superimposition of the UACG tetraloop with the UUCG tetraloop structure is shown in Figure 4B .
The 2¢-OH group of U 10 is involved in numerous contacts within the UACG tetraloop structure. The U 10 2¢-OH 1 H resonance was observed at 6.61 p.p.m., a value similar to that reported for the equivalent positions of UUCG tetraloops (21) . The assignment was established based upon NOE cross-peaks from the 2¢-OH of U 10 to H1¢, H2¢, H3¢ and H4¢ of U 10 , H2¢ and H3¢ and H8 of A 11 , and H1¢, H5 and H6 of C 12 (Fig. 2 ). An NOE cross-peak between the imino 1 H resonance of G 13 and the 2¢-OH 1 H resonance of U 10 was essential in establishing G 13 O6 as the hydrogen bond acceptor for the 2¢-OH of U 10 . The hydrogen bond between the 2¢-OH of U 10 and O6 of G 13 is one of two that stabilized the G 13 -U 10 base pair, with the second occurring between O2 of U 10 and the imino hydrogen of G 13 . The imino hydrogen of G 13 had NOESY cross-peaks with the following protons: U 10 , H1¢, H2¢ and 2¢-OH; C 12 , H6, H1¢ and H4¢; G 14 , H8 and H1¢. Cross-peaks with U 10 H1¢ and 2¢-OH helped establish the acceptor of this hydrogen bond as the carbonyl oxygen O2 of U 10 . The presence of these hydrogen bonds is based on the NMR spectroscopic data, and their presence was used as restraints during the re®nement procedure. The amino proton, H42, of C 12 is involved in formation of another strong hydrogen bond that stabilizes the UACG tetraloop. The H41 and H42 protons of the C 12 amino group resonate at 6.29 and 7.16 p.p.m., respectively, and were distinguished from each other on the basis of relative NOE intensities with C 12 H5. H41 and H42 display NOESY crosspeaks with each other, as well as with H2¢, H3¢ and H5 of U 10 , H5 and H6 of C 12 , and H3¢ of A 11 (Fig. 2) . It is interesting that it is H42 (the down®eld shifted proton) that is involved in hydrogen bond formation and not H41, which forms a hydrogen bond in Watson±Crick G-C base pairs. However, the acceptor of this hydrogen bond was not apparent based on the NMR spectroscopic data and, consequently, this information was not used during the structure re®nement. Nevertheless, a very stable hydrogen bond between H42 of C 12 and O2P of A 11 was observed during the re®nement protocol and was present in all of the low energy structures. A similar amino±phosphate hydrogen bond was observed in the UUCG tetraloop (21) .
NMR spectroscopic data support the formation of three additional hydrogen bonds involving the 2¢-OH of ribose sugars. Normally, the 2¢-OH protons undergo rapid exchange with water and are not detected in 1 H NMR spectra. For helical RNA, it has been shown that the preferred orientation of the hydroxyl groups prevent them from forming hydrogen bonds to the oxygens of the phosphodiester backbone, even at low temperatures (42) . In contrast, when a hydroxyl group forms a strong hydrogen bond, as is the case with the U 10 2¢-OH, the 1 H resonance is readily detected in 1 H NMR spectra, and multiple cross-peaks involving this resonance are apparent in the NOESY spectra even though the exchange cross-peak with H 2 O is still strong (Fig. 2) . In NOESY spectra of the 3¢SL acquired in 95% H 2 O buffer, three exchange cross-peaks with water, at 6.81, 6.48 and 6.05 p.p.m., were observed in addition to that assigned to the 2¢-OH of U 10 . The exchange cross-peaks with water were the only cross-peaks observed for these resonances in the NOESY spectra and it is likely that these resonances are due to hydroxyl groups that are almost fully exchanged during the mixing period of the NOESY experiment. A plausible interpretation of these resonances is that three hydroxyl groups participate in weak, transiently formed hydrogen bonds. Analysis of the re®ned structures revealed suitable candidates for these three hydroxyl groups: C 9 , A 11 and G 13 . Based on distances in the low energy, re®ned structures, it is ambiguous if these hydroxyl groups are involved in true hydrogen bond formation or are just engaged in favorable electrostatic interactions, although the term hydrogen bond' will be used here for the sake of simplicity. All three hydroxyl groups formed bifurcated hydrogen bonds in the re®ned structures. One was a bifurcated hydrogen bond between the hydroxyl group of A 11 and G 13 N7 and O6. Two other hydrogen bonds formed between the 2¢-OH of C 9 and G 13 with O4¢ and O5¢ of U 10 and G 14 , respectively. Although these hydrogen bonds were consistent with the observation of exchange cross-peaks with water in the NOESY spectrum acquired in 95% H 2 O buffer, the lack of additional NOESY cross-peaks to con®rm the assignments prohibited inclusion of these hydrogen bonds in the re®nement protocol. It is interesting that a similar network of hydrogen bonds has been reported for another class of stable RNA tetraloops (GNRA; 43).
DISCUSSION
The structural basis for assembly and function of active spliceosomes remains an area of active research (1± 4,11). In the present manuscript, we report the NMR structure of the 3¢SL from human U4 snRNA (Fig. 3) . Although the function of the 3¢SL in U4 snRNA biogenesis, as well as in spliceosome assembly and function, is unclear, the length of the stem and the occurrence of the UACG tetraloop in 3¢SL are conserved in U4 snRNA from human, rat, mouse and one form of U4 snRNA from chicken (15±18). Alternative stem lengths and tetraloop structures occur in the 3¢SL from non-vertebrate organisms, such as Drosophila melanogaster (44), while in S.cerevisiae, the 3¢SL is completely absent in U4 snRNA (10) . Thus, it is likely that the 3¢SL is important for formation of RNA±RNA and/or RNA±protein interactions that are important in either UsnRNP biogenesis or spliceosome assembly in many higher eukaryotes. In particular, the structure of a 3¢SL consisting of a 7 bp stem with a UACG tetraloop is likely important in formation of active spliceosomes in mammals, including humans. The NMR structure presented in this manuscript provides insight into the structural features of this RNA stem±loop that contribute to spliceosome assembly.
The results from the present studies provide the ®rst example of the structure of a UACG tetraloop in the context of an RNA hairpin. The UACG tetralooop is one member of the UNCG class of tetraloops. The best-studied member of the UNCG tetraloop class is the UUCG tetraloop, the structure of which has been previously determined using NMR spectroscopy and X-ray crystallography (20 ±25). The general structural features of generic U 1 U 2 C 3 G 4 tetraloops include G 4 adopting a syn conformation and forming a base pair with U 1 that is stabilized by two hydrogen bonds. One hydrogen bond involves the imino hydrogen of G 1 and O2 of U 4 . The second involves the 2¢-OH of U 1 and O6 of G 4 . U 2 and C 3 adopt C2¢-endo sugar puckers. While C 3 stacks upon the U 1 -G 4 base pair, U 2 neither ef®ciently stacks upon other nucleobases in the tetraloop nor does it form a base pair. All of these structural features characteristic of UUCG tetraloops were also apparent in the NMR structure of the UACG tetraloop from 3¢SL of human U4 snRNA (Fig. 4) . Our results are in agreement with previous comparative spectroscopic studies of UUCG and UACG tetraloops that indicated these sequences adopted very similar tetraloop structures in the context of short RNA hairpins (23) . The NMR structure determined in this work for the UACG tetraloop from the 3¢SL of human U4 snRNA suggests that the reason for conservation of the UACG tetraloop motif in 3¢SL from U4 snRNA of higher eukaryotes is that the adenosine in the variable position is involved in tertiary contacts with other RNA or protein residues involved in spliceosome assembly. This is consistent with conservation of the 3¢SL stem length in U4 snRNA in which the UACG tetraloop motif is conserved. The observation of coconservation of tetraloop sequences and helix lengths in hairpins from rRNA has been suggested as evidence for the involvement of tetraloops in higher order interactions in rRNA (19) . Alternatively, the UACG tetraloop has been shown to be slightly less thermodynamically stable than the UUCG tetraloop (45) , and perhaps conservation of adenosine in the variable position of the UNCG tetraloop modulates hairpin stability and/or kinetics of U4 snRNA folding.
The observation of two distinct conformations for the 3¢SL from human U4 snRNA raises the possibility that this stem±loop may be involved in a`conformational switch' that regulates spliceosome function in vivo. The NMR structure presented here (Fig. 3) was obtained from analysis of NMR spectra collected using only freshly annealed samples of the 3¢SL. Although the NMR structure of the alternative hairpin conformation for the 3¢SL that occurred following equilibration of the sample at ambient temperature for several days was not determined, the differences apparent in the NMR spectra for the two conformations are consistent with the structural differences occurring mainly in the stem region, while the UACG tetraloop structure was conserved. The maintenance of UACG tetraloop structure is consistent with thermodynamic studies and molecular dynamics simulations that indicate that this structural motif is quite stable (23±25).
In summary, we have determined the NMR structure of the 3¢SL from human U4 snRNA.
A functional signi®cance for the 3¢SL of U4 snRNA, other than conferring stability, has not been established. The conservation of stem length and the UACG tetraloop motif in 3¢SL from U4 snRNA of vertebrates suggests, however, that this stem±loop is involved in tertiary interactions important for the formation of active spliceosomes. The NMR structure of the UACG tetraloop clearly indicates that the adenosine of the tetraloop is available for hydrogen bonding or other interactions important for spliceosome assembly without any structural rearrangement. These studies provide the ®rst high resolution structural data for the UACG tetraloop motif and provide an insight into the basis of conservation of this stem±loop structure in vertebrates.
